So lar pho to vol taic-ther mal (PV/T) sys tems con vert so lar ir ra di a tion into elec tri cal and ther mal en ergy. These sys tems serve as dual en ergy ex trac tion mode; the pho to vol taic (PV) cell, which con verts pho tons in the so lar ra di a tion into elec tric ity and the so lar ther mal col lec tor, which ab sorbs the waste heat en ergy from the PV mod ule. The PV mod ule tem per a ture increases the elec tri cal re sis tance of the PV cell in creases which leads to de crease in elec tri cal ef ficiency of the PV cell. So lar ther mal col lec tors can be de signed to ab sorb the heat from the PV panel thereby cool ing the cells and thus elec tri cal ef fi ciency is in creased by de creas ing the electri cal re sis tance. This re sult's a cool op er at ing PV panel with higher po tency and lon ger life and there fore the ex tracted hot air which will be used for do mes tic and in dus trial ap pli ca tions. The de crease in elec tri cal ef fi ciency of ev ery de gree rise in tem per a ture for monocrystalline and polycrystalline is about 0.45%. In case of amor phous sil i con cells the de crease in elec tri cal ef fi - 
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So lar pho to vol taic-ther mal (PV/T) sys tems con vert so lar ir ra di a tion into elec tri cal and ther mal en ergy. These sys tems serve as dual en ergy ex trac tion mode; the pho to vol taic (PV) cell, which con verts pho tons in the so lar ra di a tion into elec tric ity and the so lar ther mal col lec tor, which ab sorbs the waste heat en ergy from the PV mod ule. The PV mod ule tem per a ture increases the elec tri cal re sis tance of the PV cell in creases which leads to de crease in elec tri cal ef ficiency of the PV cell. So lar ther mal col lec tors can be de signed to ab sorb the heat from the PV panel thereby cool ing the cells and thus elec tri cal ef fi ciency is in creased by de creas ing the electri cal re sis tance. This re sult's a cool op er at ing PV panel with higher po tency and lon ger life and there fore the ex tracted hot air which will be used for do mes tic and in dus trial ap pli ca tions. The de crease in elec tri cal ef fi ciency of ev ery de gree rise in tem per a ture for monocrystalline and polycrystalline is about 0.45%. In case of amor phous sil i con cells the de crease in elec tri cal ef fi -ciency per de gree rise in tem per a ture is about 0.25%. This un wanted loss is min i mized by us ing a proper fluid cir cu la tion cool ing meth ods [1] . The ef fects of air flow rate and the per for mance of ab sorber plate and PV cells have been ex am ined on PV/T air col lec tor in four dif fer ent models un der same cli mate con di tions. The en ergy bal ance equa tion for each mod els are solved numer i cally and eval u ate the ther mal and elec tri cal per for mances [2] . The the o ret i cal anal y sis with ex per i men tal re sults are val i dated for PV mod ule in te grated with air duct and found that the increase in over all ther mal ef fi ciency of the sys tem is about 18% due to uti li za tion of ther mal energy from PV mod ule [3] . The dual cool ing PV/T col lec tor us ing wa ter and air as a heat ex traction fluid are ex per i men tally an a lyzed and achieved the sat is fac tory elec tri cal and ther mal ef fi ciency [4] . In te grated PV and so lar air col lec tor sys tem is de vel oped and the the o ret i cally ob tained re sults are ex per i men tally val i dated. They have in di cated that PV mod ule tem per a ture are con trolled and re duced in con se quence of ad just ing the mass flow of air in so lar col lec tor and there fore the ef fi ciency of PV mod ule are of ten en hanced [5] . The ex per i men tally val i dated CFD model of a com pletely unique build ing in te grated PV/T col lec tor was an a lyzed and the effect of ac tive heat re cov ery on cell ef fi ciency was stud ied. Ther mal and over all ef fi cien cies of the sys tem reached 19% and 34.9%, re spec tively [6] . The elec tri cal and ther mal pa ram e ters of a so lar PV/T air col lec tor was sim u lated by the use of com puter sim u la tion pro gram. It is conjointly found that the over all en ergy, ther mal and elec tri cal ef fi ciency of so lar PV/T air col lec tor is about 45%, 17.18%, and 10.01%, re spec tively, for a given cli ma tic, op er at ing, and de sign param e ters [7] . The op ti mum elec tri cal and ther mal ar range ments of hy brid PV/T col lec tors are stud ied and found the in crease in tem per a ture of the PV cells af fect the elec tri cal per for mance of the sys tem. Also the elec tri cal ef fi ciency of each PV cell may vary due to the tem per a ture gra dient ex ists along the ab sorber. In or der to eval u ate the so lar cell tem per a ture dis tri bu tion, the ther mal anal y sis has been car ried out by us ing CFD soft ware [8] . The an a lyt i cal ex pres sion for semi-trans par ent and opaque type build ing in te grated PV/T col lec tor in façade and roof modes are de vel oped. The dif fer ence is room tem per a ture for fa cade and roof mode with air cool ing duct is 1.46 °C and 1.13 °C, re spec tively. Also the dif fer ence is room tem per a ture for façade and roof mode with out air cool ing duct is 9.80 °C and 9.55 °C, re spec tively. In ad di tion, the in crease in mass flow rate of air in creases the heat trans fer rate be tween the PV mod ule and flow ing air [9] . A multiphysics model that is ca pa ble of es ti mat ing the 3-D struc tural and ther mal per formance in ad di tion to the elec tri cal per for mance of a PV mod ule un der given en vi ron men tal condi tions are de vel oped. The ther mal, struc tural, and elec tri cal per for mance of a PV mod ule has been an a lyzed for four dif fer ent en vi ron men tal con di tion days un der with out and with cool ing modes [10] . The heat trans fers and fluid flow in so lar air heater was nu mer i cally stud ied us ing CFD tech nique. The RNG k-e tur bu lence model is used to solve the com pu ta tional do main. The out put nu mer i cal re sults are val i dated with sim i lar avail able lit er a ture ex per i men tal val ues and found to be in good agree ment with them [11] .The elec tri cal and ther mal per for mance of the air based so lar PV/T sys tem are ex per i men tally ex am ined and the re sults shows the ther mal and elec tri cal ef fi ciency of air cooled PV/T sys tem is 22% and 15%, re spec tively [12] . The per formance of air based hy brid PV/T col lec tors in four dif fer ent mod els via; no cool ing, sin gle duct dou ble pass air, dou ble duct sin gle pass air, and sin gle duct sin gle pass air are eval u ated ex per imen tally and the o ret i cally. The re sults show the sin gle duct sin gle pass gives higher elec tri cal ef fi ciency [13] . In the pres ent work, fluid flow anal y sis and tem per a ture dis tri bu tion on so lar panel has been sci en tif i cally car ried out by ex per i men tal method and CFD tech nique. The results ob tained by CFD sim u la tion are val i dated with ex per i men tal re sults. The root mean square er rors (RMSE) and R-squared val ues are com puted for the top glass, tedlar, and the out let air tem per a ture.
The CFD sim u la tion

Gov ern ing equa tions
The heat trans fer in air cooled PV/T sys tem in volves a fluid and mul ti ple solid domains. The fluid do main cov ers the work ing fluid in side the air duct. The solid do main con sists of each ma te rial layer (top glass, ethyl vi nyl ac e tate -EVA, PV cell, tedlar) in the PV panel. The heat trans fer equa tions for solid and fluid do main are given by eqs. (1) and (2), re spec tively [14] :
where
The equa tion of mo men tum and con ti nu ity gov ern ing the fluid flow in side the air duct are given by eqs. (4) and (5) [15] :
The k-e tur bu lence model used in the CFD anal y sis is given eqs. (6)-(8) [16] . 
In eqs. (6) and (7), G k rep re sents the tur bu lence ki netic en ergy caused by the mean veloc ity gra di ents, G b -the gen er a tion of tur bu lence ki netic en ergy due to the buoy ancy, Y M -the un steady di la ta tion in com press ible tur bu lence to the over all dis si pa tion rate, C 1e , C 2e , C 3e are con stants val ues. The tur bu lent Prandtl num bers for k and e is rep re sented by s k and s e , re spectively, S k and S e are user-de fined source terms.
The eddy (or tur bu lent) vis cos ity, µ t is cal cu lated by com bin ing k and e and is de fined by eq. (8) [16] :
where C µ is con stant value. The other model con stant val ues are C 1e =1.44, C 2e =1.92, s k = 1.0, and s e =1.3 (FLUENT) . The dis crete or di nates (DO) ra di a tion model is used to ap ply the in com ing so lar ra di ation into the com pu ta tional do main. The DO ra di a tive trans fer equa tion in the di rec tion r s as a field equa tion and ra di a tive trans fer equa tion for spec tral in ten sity I r s l ( , ) r r are given by eqs. (9) and (10) [16] : 
where l is the wave length, a l -the co-ef fi cient of spec tral absroption, and I bl -the in ten sity of black body given by the planck func tion. The other pa ram e ters such as scat ter ing phase func tion ( ) s s , scat ter ing co ef fi cient (F) and the re frac tive in dex (n) are as sumed in de pend ent of wavelength. The cou pling be tween en ergy and ra di a tion in ten si ties at a cell (known as COMET) ac cel er ates the con ver gence of the fi nite vol ume scheme for ra di a tive heat trans fer. The dis crete en ergy equa tion for cou pled method when in te grated over a con trol vol ume i and is de fined by eqs. (11) [16] :
where DV and k are the con trol vol ume and co-ef fi cient of ab sorp tion, re spec tively. The co ef ficient m ij T and the source term S i h are ow ing to the discretization of the dif fu sion and con vec tion terms as well as the non-ra di a tive source terms.
Com pu ta tional do main
The 3-D com pu ta tional do main of so lar PV/T sys tem was mod elled us ing ANSYS geo met ric mod el ling tool. It con sists of five solid lay ers: (glass, EVA, PV cell, bot tom EVA, tedlar) and one fluid layer (air do main). Com pu ta tional do main of PV/T sys tem used in the present nu mer i cal sim u la tion is shown in fig. 1 . Table 1 shows the geo met ri cal di men sions of so lar PV/T sys tem used in the CFD sim u la tion.
Grid gen er a tion
The grid gen er a tion is per formed by us ing ANSYS ICEM CFD. The good qual ity mesh is achieved by em ploy ing hexa he dral el e ments of fine size and patch con form ing technique. The num ber of nodes and el e ments are found to be 752136 and 712800, re spec tively. The fi nal meshoutput of PV/T do main is shown in fig. 2 . Grid gen er a tion set tings used in the pres ent sim u la tion is given in tab. 2. 
Sim u la tion as sump tions
The heat trans fers and tem per a ture dis tri bu tion of the so lar PV/T panel is car ried out by as sum ing the fol low ing as sump tions: -all the material properties used in the simulation is to be isotropic and independent of temperature, -the electrical bus bar and fingers of solar panel are neglected in the computational domain for simplicity, -the computational domain side walls are taken to be adiabatic, -the ambient temperature is equal on every area exposed to the environment, -the reference temperature and pressure is 25 °C and 101325 Pa, -solar radiation is not reflected to any surface is fully transmitted to the layer below, -the flow is steady, turbulent, and 3-D, -the operating fluid (air) is assumed to be incompressible, -no-slip boundary condition is assigned to the walls in contact with the fluid in the model, and -the steady-state conditions are performed.
Bound ary con di tions and set-up
Suit able bound ary con di tions were im pressed on the com pu ta tional do main, as per the phys ics of the prob lem. The thermo-phys i cal prop er ties of air and so lar panel ma te ri als are assumed to be con stant. In let and out let bound ary con di tion was ap plied as ve loc ity in let and pressure out let con di tion, re spec tively. Solid and fluid re gions are bounded by wall bound ary con ditions.Due to ex is tence of no-slip and impermeability, the ve loc ity com po nents at the wall were set to zero. A so lar in so la tion is ap plied at the top sur face of the glass us ing do-ra di a tion. The bot tom and side sur faces of the so lar PV/T sys tem are de fined as wall with zero heat flux con dition to ef fect in su lated con di tions. The SIMPLE scheme was used to cou ple the pres sure-ve locity in the com pu ta tion and the con vec tion terms are discretized by us ing sec ond or der up wind scheme. The min i mum con ver gence cri te rion for con ti nu ity, ve loc ity and tur bu lence equa tions was 10 -5 , for en ergy and do-in ten sity equa tion was 10 -6 . The var i ous thermo-phys i cal ma te rial prop er ties used in CFD anal y sis is shown in tab. 3.
Val i da tion of CFD re sults
To val i date the pres ent CFD anal y sis of PV/T sys tem, the se ries of ex per i ment tests was con ducted un der two dif fer ent modes. in fig. 3 . The ex per i ment was con ducted from 8 a. m. to 4 p. m. on a sunny day. The elec tri cal and me chan i cal spec i fi ca tions of so lar panel used in this study is given in tab. 4 and tab. 5. Nu mer i cal anal y sis is in view of a few sus picions. Be cause of these sus pi cions, nu mer i cal anal y sis now and again yields more prom i nent differ ence in spe cific sit u a tions. Ac cord ingly, an appro pri ate fine-tun ing of the nu mer i cal re sults is required with the trial qual i ties be fore ap ply ing the nu mer i cal sim u la tion for fur ther in ves ti ga tion. Nu mer i cal in ves ti ga tion is tak ing into ac count a few pre sump tions. Be cause of these sup po si tions, nu mer i cal ex am i na tion some of the time yield more prom i nent dif fer ence in spe cific sit u a tions. Thusly, a fine-tun ing of the nu mer i cal re sults is required with the test qual i ties be fore ap ply ing the nu mer i cal rec re ation for fur ther ex am i na tion. In this work the com puted nu mer i cal sim u la tion results are con trasted with the ex per i men tal measures and there fore the RMS er rors (RMSE) and R-squared qual ity is as cer tained us ing the fol low ing math e mat i cal eqs. (15) where d i is the de vi a tion be tween the i th mea sured and the pre dicted val ues, X i -the i th pre dicted value, Y i -the i th mea sured value, and m -the num ber of data points. The RMSE 1 , RMSE 2 , and R-squared qual i ties were ac quired for top panel tem per a ture is 1.112949, 0.022619, and 0.998175, re spec tively. The RMSE 1 , RMSE 2 , and R-squared qual ities were ac quired for bot tom panel tem per a ture is 0.993115, 0.019556, and 0.998451, re spectively. De spite the fact that a few in con sis ten cies emerge be cause of some sim u la tion as sumptions, de spite the fact that from the RMS er rors and R-square val ues it is ob vi ously no tice able that there is good agree ment of the sim u lated data with the ex per i men tal val ues. There fore, the cal i brated ac cu racy of the sim u lated val ues can be con sid ered to be ac cept able for the anal y sis.
Re sults and dis cus sion
The out comes ac quired from the test mea sures and nu mer i cal sim u la tion of so lar PV/T sys tem are ex hib ited in this sec tion. The pres ent nu mer i cal model is solved us ing the com mercial soft ware of ANSYS FLUENT 15 . The gov ern ing equa tions are discretized by us ing fi nite vol ume meth od ol ogy, con vec tion terms are discretized by us ing sec ond or der up wind scheme and the dif fu sion terms are discretized by the use of cen tral dif fer enc ing scheme. The SIMPLE al go rithm method is used for nu mer i cal com pu ta tion. The con ver gence cri te ria are op ti mized based on the av er age tem per a ture of all out come val ues is less than 0.01 °C. The ex per i men tal in ves ti ga tion is done from 8 a. m. to 4 p. m. and read ings are noted in one hour in terim and the indi vid ual nu mer i cal reenactment at ev ery hour is like wise done for the com par ing out puts around then. The out comes ac quired by this nu mer i cal sim u la tion is con trasted with the test re sults. The graphs are plot ted to show and an a lyze the ex per i ment and sim u lated tem per a tures vs. time for with and with out cool ing of so lar PV/T sys tem . Fig ure 4 shows the hourly vari a tion of top glass sur face tem per a ture of PV so lar panel from 8 a. m. to 4 p. m. The ex per i men tal top glass sur face tem per a ture with air cool ing ranges from 34.12 °C to 56.73 °C. The sim u lated top glass sur face tem per a ture with cool ing var ies from 34.48 °C to 58.06 °C. Whereas for with out cool ing it var ies from 46.21 °C to 61.78 °C. It is clear from the graph that top glass sur face tem per ature is higher in with out cool ing so lar panel than in with cool ing so lar panel. The RMSE 1 , RMSE 2 and R-squared value for top panel temper a tures are cal cu lated by us ing eqs. (15)- (17), re spec tively. It is found that there is a good agree ment in be tween the ex per i men tal and the sim u lated re sults of top glass tem per a ture with a value of RMSE 1 = 1.112949, RMSE 2 = =.0.022619 and the R-squared value = =.0.998175.
Fig ure 5 shows the hourly vari a tion of tedlar sur face tem per a ture of PV/T sys tem from 8 a. m. It is found that there is a good agree ment be tween the ex per i men tal the sim u lated re sults of out let air tem per ature with a value of RMSE 1 = 0.776831, RMSE 2 = 0.022618, and R-squared value = 0.988113. Also air out let tem per a ture is al ways greater than that of am bi ent tem per a ture and hence it is suit able for in dus trial and res i den tial dry ing pro cess.
Fig ure 7 shows the hourly vari a tion of electri cal ef fi ciency and so lar in ten sity of PV so lar panel from 8 a. m. to 4 p. m. The elec tri cal ef ficiency of so lar panel with air cool ing ranges between 11.52-11.87%. Whereas for with out cool ing it ranges be tween 10.18-11.37%. The so lar in ten sity var ies from 540-1040 W/m 2 from 8 a. m. to 4 p. m. From fig. 7 , it is ob served clearly, cool ing the PV panel us ing air, the electri cal ef fi ciency is con sid er able in creased when com pared with with out cool ing PV panel. Also in with air cool ing PV panel the drop in elec trical ef fi ciency through the day is very less when com pared to that of with out cool ing PV panel. The drop in elec tri cal ef fi ciency of PV panel with out cool ing is found to be a max i mum value of 1.4% at 1 p. m. and a min i mum value of 0.5% at ini tial and fi nal tim ings is ob tained.
Fig ures 8 and 9 shows the ex per i men tal and sim u la tion tem per a tures of PV so lar panel from 8 a. m. to 4 p. m. From fig. 8 it is ob served the tedlar tem per a ture is higher than that of top glass tem per a ture. The tem per a ture dif fer ence be tween the tedlar and top glass ranges be tween 0.39-1.77 °C and it in di cates the tedlar tem per a ture is closer to that of PV cell and top glass tem - m per a ture pro file due to the av er age tem per a ture dif fer ence be tween the top panel and PV cell ranges be tween 0.02-0.33 °C.
Con clu sions
This pa per pro poses a nu mer i cal sim u la tion of so lar PV panel with air cool ing for predict ing and vi su al iz ing the tem per a ture and tem per a ture dis tri bu tion on each layer of the so lar PV/T sys tem. A com par i son be tween the CFD sim u la tion re sults and ex per i men tal mea sures shows a rea son ably better agree ment of the pro posed sim u la tion model in the pre dic tion of the tem per a ture pro files of so lar PV/T sys tem. In spite of the fact that there are some mi nor dis par ities be cause of a few sus pi cions and mesh ing im per fect ness mat ters, the nu mer i cal sim u la tion pro gram can be un ques tion ably used to solve more un pre dict able so lar PV/T is sues. Be cause of the low ther mal con duc tiv ity of tedlar, the heat ex change rate from the tedlar base to the streaming air is di min ished. The heat ex change rate can be en hanced by mod i fy ing so as to in crease the heat trans fer co ef fi cient by mod i fy ing the flow pat tern or by pro vid ing fins or by in creas ing flow tur bu lence by us ing suit able vor tex gen er a tors. Also in com mer cial PV panel mea sur ing the exper i men tal tem per a ture of PV cell layer is dif fi cult since the PV cell layer is per ma nently covered by EVA, tem pered glass and tedlar. So sim u la tion stud ies are used to pre dict and vi su al ize these types of com pli cated tem per a ture dis tri bu tion. Hence the pres ent CFD sim u lated tem per ature val ues can be con sid ered to be ac cept able for the anal y sis. 
